14 C(n, γ) 15 C reaction plays an important role in inhomogeneous big bang models. In [N. K. Timofeyuk et al., Phys. Rev. Lett. 96, 162501 (2006)] it was shown that the 14 C(n, γ) 15 C radiative capture at astrophysically relevant energies is peripheral reaction, i.e. the overall normalization of its cross section is determined by the asymptotic normalization coefficient (ANC) for 15 C → 14 C+n. Here we present new measurements of the 14 C(d, p) 15 C differential cross sections at deuteron incident energy of 17.06 MeV and the analysis to determine the ANCs for neutron removal from the ground and first excited states of 15 C. The results are compared with the previous estimations.
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I. INTRODUCTION
In inhomogeneous big bang models [1] [2] [3] ] the 14 C(n, γ) 15 C reaction plays an important role being the part of the chain 7 Li(n, γ) 8 Li(α, n) 11 B(n, γ) 12 B(β − ) 12 C(n, γ) 13 C(n, γ) 14 C(n, γ) 15 C. Due to the high neutron abundance the 14 C(n, γ) 15 C reaction can compete strongly with the other reactions on 14 C, which all lead to the production of heavier nuclei (A > 20). In [4] it was shown that the 14 C(n, γ) 15 C radiative capture at astrophysically relevant energies is a peripheral reaction, i.e. the overall normalization of its cross section is determined by the asymptotic normalization coefficient (ANC) for 15 C → 14 C+ n. This ANC has been determined in [4] using the mirror symmetry from the width of the broad resonance state in 15 F. The recommended value is C 2 0 1/2 = 1.89 ± 0.11 fm −1 . Here l = 0 and j = 1/2 are the orbital angular momentum and total angular momentum of the neutron in 15 C. This result was obtained using the resonance width of the broad state in 15 F experimentally measured in [5] . However, the value of the width of a broad resonance significantly depends on the method used to extract it [6] . Hence, the uncertainty of the ANC determined from the mirror symmetry can be large. Joint analysis of the 15 C(g.s.) knockout data from [7] and [8] [11] . The calculated cross section for the direct radiative capture 14 C(n, γ) 15 C using this ANC is in an excellent agreement with the latest direct measurements [12] . Excellent agreement of the analysis done in [10] with measurements of [12] allow us to conclude that the ANC determined in [10, 13] can be referred as a recommended value.
To check the consistency of the ANC for the neutron removal from 15 C other type of reactions can be used. In [14] the analysis of the 14 C(d, p) 15 C experimental data [15] obtained at 14 MeV deuteron energy was carried out testing different approaches to the reaction theory: (1) DWBA (distorted wave Born approximation) using the global Perey and Perey optical potential for the deuteron [16] ; (2) DWBA using a deuteron potential which fits the d − 14 C elastic scattering; (3) ADWA (adiabatic wave approximation) where the deuteron potential is constructed as the sum of the proton and neutron optical potentials taken at half of the deuteron energy [17] with finite range correction as in [18] . This last method takes into account deuteron breakup explicitly. The CH89 parameterization [19] was used for all nucleon potentials (including the exit channel). The single-particle radius for the neutron bound state potential was varied in the interval 1.01 − 1.91 fm. For the choice (1) the obtained interval for the extracted C 2 was 2.516 − 2.777 fm −1 ; for the choice (2) the obtained interval of C 2 was 2.60 − 2.71 fm −1 . For the choice (3) a significant reduction was observed with the interval of the extracted C 2 : 2.08 − 2.44 fm −1 . However, this reduction was not enough to reconcile the ANC extracted from the (d, p) reaction with the values determined from breakup reactions and (n, γ) processes which are significantly lower [10, 13] . Higher order transfer couplings were found to have a significant effect on the reduction of the ANC [14] . For example, for the choice (2) at r 0 = 1.3 fm the extracted ANC drops by 26% [14] reaching C 2 = 2.14 fm −1 , which coincides with the value obtained from the ADWA analysis for this geometry. However, even such a drop is not enough to reconcile the ANCs obtained from different sources. Multistep excitations within the coupled channel Born approximation (CCBA) were shown to be too weak in 14 C(d, p) 15 C due to the small B(E2) connecting the first excited state in 14 C [14] . Despite all the various reaction theories explored in [14] , it appears impossible to reconcile the ANC extracted from transfer (d,p) with that from direct radiative capture [12] , mirror symmetry [4] or Coulomb dissociation [10] . Indeed, the lowest of the square of the ANC from transfer from [14] is about 30% higher than the value dictated by radiative capture and the analysis of Coulomb dissociation [10] . Is this disagreement an indication that the various reaction models tested in [14] are not adequate for loosely bound exotic nuclei like 15 C or could it be that the overall normalization of the cross section in [15] is not correct? Since the 14 C(d, p) 15 C reaction measurements presented in [15] were done 35 years ago, new more accurate measurements of this reaction, in the context described above, are highly desirable.
With the aim of exploring the consistency of the ANC obtained from different reactions, we present here new and improved measurements of the angular distributions of 14 C(d, p) 15 C for a deuteron incident energy of 17.06 MeV. In [15] the minimal reported angle for the transition to the ground state of 15 C was smaller than 10 • , with a systematic uncertainty in the overall normalization of the measured cross section of 20%. Since the ANC is determined by normalizing the calculated differential cross section to the experimental cross section at the main (stripping) peak of the angular distribution (in the case under consideration it is zero degrees), it is important to take data for small scattering angles. In this work, we decreased the minimal angle to 6.6
• with the systematic uncertainty about 10%. In addition, we used the recently implemented finite range adiabatic model (FR-ADWA) [21] to extract the ANCs for neutron transfer to the ground and first excited states of 15 C, taking therefore into account the most important higher order effect in this reaction, deuteron breakup. In addition, deuteron elastic scattering was measured in a wide angular range and is presented in the Appendix.
II. EXPERIMENTAL ARRANGEMENT
The measurement of the differential cross sections of the 14 C(d, p) 15 C reaction was carried out on the U-120M isochronous cyclotron at the Nuclear Physics Institute of the Czech Academy of Sciences. The experiment was realized with momentum analyzed 17.06 MeV deuteron beam impinged on the self-supporting 14 C target. At this energy we are able to obtain the optimal deuteron beam with the highest intensity and best energy resolution. The best quality of the beam is especially important in the case under consideration due to the necessity of identifying all impurities in the 14 C target. Reaction products were detected by four ∆E − E telescopes consisting of 250 to 400 µm and 4 mm thick Si(Li) detectors, correspondingly. Telescopes were provided with collimators 2 x 3 mm 2 . Their distances from the target center was 160 mm. One telescope was fixed at 15 degrees as a monitor of target and the remaining three were movable between laboratory angles of 6 to 67 degrees for the angular distribution measurements. Thickness of the 14 C target was checked by scanning using α-source as well as by reaction products in different output reaction channels. Thickness of the target was also controlled by measurement on the Mylar target of known stechiometry and thickness 146 µg/cm 2 . Each exposition of the 14 C target was followed by exposition of the Mylar target at the same angle. The pure 14 C contents in target was 175 µg/cm 2 with 40 µg/cm 2 of admixures. The integrated charge of beam was measured with the uncertainty less then 3%. The total uncertainties due to the target thickness, detector solid angle, charge collection and the statistical ones were less than 10% in the forward angles of the angular distributions. The differential cross sections were obtained for deuteron elastic scattering and for two proton groups populating the ground state 1/2 + and the 0.740 MeV state 5/2 + in 15 C. A typical spectrum is shown in Fig. 1 . Experimental angular distributions were measured at 6 o -75 o angular range in the laboratory system.
III. REACTION THEORY AND NUMERICAL DETAILS
For many years, the standard DWBA was the main tool for studying deuteron stripping reactions. In the standard DWBA, the one-step transfer matrix element is evaluated with incoming and outgoing distorted waves calculated by respectively fitting the deuteron and proton elastic scattering with local optical potentials. The transition operator contains finite range effects as well as the full complex remnant term. The main idea of DWBA is that the transition matrix element is small enough that one can use first order perturbation theory. In many cases, this approximation does not hold (i.e. [14] ). Since the nuclear potential is quite large by itself (∼ 100 MeV) the smallness of the transition operator can be fulfilled only if the reaction is peripheral enough, so that the matrix element from the transition operator becomes small. The pioneering work by Johnson and Sopper [17] clearly demonstrated the deficiency of the standard DWBA and developed the Adiabatic Wave Approximation model (ADWA), which starts from a threebody approach and is not perturbative. The original ADWA [17] introduced the zero-range approximation for the deuteron, but recently studies using FR-ADWA have shown that finite-range effects can be significant [21] . One important advantage of the FR-ADWA used here to analyze the transfer data is that only nucleon optical potentials are required: the CH89 parameterization [19] is used in this work. To check the impact of the ambiguity of the optical potentials on extracted ANCs we performed also calculations with Koning and Delaroche (KD) optical potentials [20] .
For the sake of comparison we also present results obtained within the standard DWBA. For the deuteron bound state, the Reid soft core potential [22] is used as in [21] . Calculations of the deuteron adiabatic potentials are performed within twofnr [23] and the transfer calculations are performed with fresco [24] . 
A. Results
Experimental angular distributions of protons from the reaction 14 C(d, p) 15 C populating the ground state 2s 1/2 and the first excited 1d 5/2 state (E x = 0.740 MeV) in 15 C are shown in Figs. 2 and 3 , correspondingly. The calculated using FR-ADWA with the CH89 optical potentials angular distributions for the transitions to the ground state and first excited states reproduce the experimental data in the vicinity of the first peak, which is sufficient to determine an ANC (Section IIIB). Note that calculations with the KD optical potentials generate practically identical with the CH89 angular distributions. That is why in Figs. 2 and 3 only angular distributions obtained with CH89 potentials are shown. To compare with FR-ADWA, in Fig 2 we also present the cross sections obtained within the standard DWBA using four different combinations of the optical potentials, D1-P1, D1-P2, D2-P1 and D2-P2, see Tables II  and III in Appendix A. Within DWBA, the angular distributions for either transition to the ground or first excited state in 15 C are best described by the combination of optical model potentials D1-P2 although all other combinations describe equally well the first peak. These potentials do produce large differences in the normalization of the cross section which obviously has implications for the extracted ANC (Section IIIB). One could argue that the FR-ADWA does not reproduce the data at angles beyond of the first stripping peak while there does exist a combination of deuteron and proton potentials within the DWBA approach that is better at reproducing the data. We do not consider this a valid argument because one cannot use the same data set to fit optical potentials and extract a reliable normalization. In addition, note that the cross section at the first minimum is 20 times smaller then at the first peak.
The disagreement between the experimental data and FR-ADWA near the first minimum is very typical, and usually due to reaction mechanisms excluded from the model space, which contributions become more pronounced at larger angles. These contributions are small compared to the large stripping at the forward peak. Note that the calculated angular distribution for the transition to the first excited state is also well reproduced in the vicinity of the first peak except for a small drop at very small angles, which all theoretical curves do not describe. This feature cannot be reproduced by adjusting interactions.
B. Asymptotic normalization coefficients
For extracting the ANC, it is the angular range around the main stripping maximum that is most important. The ANC is simply determined from the normalization of the calculated differential cross section to the experimental angular distribution. However, for the method to work, one must first ensure the reaction is peripheral. In order to check peripherality of the 14 C(d, p) 15 C reaction we have repeated FR-ADWA calculations with CH89 potentials cutting the interior. A cutoff radius of 3 fm is used to estimate the error in the peripheral approximation. We found an 11% effect for the transition to the ground state and a 4% effect for the transition to the excited state. Since the 14 C(d, p) 15 C reaction is mostly peripheral, the overall normalization of its differential cross section is determined by the square of the product of the ANC for the neutron removal from 15 C and the ANC for the deuteron wave function.Taking into account that the ANC for the deuteron wave function is known (for the Reid soft core potential [22] it is C np = 0.88 fm −1/2 ), the 15 C ANC can be readily extracted. Table I contains the ANCs obtained. To check the uncertainty of the determined ANCs to the ambiguity of the optical potentials we have performed FR-ADWA calculations with two different sets of the global optical potentials, CH89 and KD. In Table I we present the square of the ANC values obtained from FR-ADWA for CH89 and KD potentials separately with the uncertainties coming from a 10% experimental systematic uncertainty and 11% uncertainty for the transition to the ground state (4% for the transition to the first excited state) due to the small nonperipherality of the reaction. Since these uncertainties are added in quadrature, the total uncertainty for the square of the ANCs obtained for each potential set is 15% for the transition to the ground state and 11% for the transition to the state. We also find mean values of the ANCs generated by CH89 and KD potentials with 7% (6%) standard deviation for the square of the ANC for the ground state (excited state). We assign the total uncertainty of 16% for the square of the ANC for the ground state and 12% for the first excited state. The total assigned uncertainty to the square of the ANC is obtained by adding in quadrature the uncertainty due to the ambiguity of the optical potentials, systematic experimental uncertainty and error of the peripheral approximation.
Our result for C 2 0 1/2 = 1.64 ± 0.26 fm −1 agrees very well with the result obtained in [10] and with the value dictated by the direct radiative capture [12] . It also overlaps with the value obtained from the mirror symmetry [4] . But it is lower than the ANC determined in [14] from the analysis of the 14 C(d, p) 15 C reaction at 14 MeV deuteron energy. This significant difference can be due to the inconsistencies in the absolute normalization of the measured cross sections. To compare our ANC with the one determined from the analysis of the 14 C(d, p) 15 C reaction at 14 MeV deuteron energy [14] we should consider only ADWA with CH89 optical potentials, i.e. with the same potentials which were used in [14] . The average square of the ANC obtained in [14] within ADWA with CH89 optical potentials and with approximate finite-range corrections, for 9 different sets of the neutron bound state potentials is C 2 0 1/2 = 2.19 ± 0.10 fm −1 , which is by 27% higher than our value C 2 0 1/2 = 1.72 ± 0.26 fm −1 . In order to check this possibility, we have repeated the calculations at 14 MeV within FR-ADWA using the CH89 optical potentials. The ratio of the experimental differential cross sections measured by us and in [15] at 10
• is 2.16 while the theoretical ratio is 1.67. We conclude that the absolute value of the differential cross section in [15] Table I .
Going back to the 17.06 MeV deuteron energy, if one were to use DWBA in the analysis, one would have to take into account the uncertainty associated with the optical potentials under the constraint of deuteron elastic scattering. From Table I one can conclude that the extracted ANCs significantly depend on the choice of the optical potentials. From the range of the obtained ANCs we determine the error coming from the ambiguity of the deuteron and proton optical potentials in the DWBA calculation: 18.2 %. However, in addition, one must consider the contribution from the interior and the experimental error. Summing these errors in quadrature, the total error in the square of the ANC for the ground state extracted using DWBA becomes 24% and for transition to the first excited state 22%. This produces C . Our analysis finds that the older measurements from [15] overestimated the cross section at forward angles by ∼ 29% and the correct renormalization of these data provides an ANC closer to our extracted values. For comparison, we also performed the standard DWBA analysis with four sets of the optical potentials, constrained by elastic deuteron scattering at the same energy. The obtained ANC is higher than the value extracted with FR-ADWA and, most importantly, with larger error bars. One of the main conclusion of our study is that the 14 C(d, p) 15 C reaction can be used as a tool to determine the ANCs, but to obtain reliability and better accuracy it is important to go beyond DWBA. Table II. 
